The finding that hypoxia can induce cancer stemness in various experimental models is in agreement with the conceptual basis of cancer cell plasticity. Here, we aimed to gain insights into the molecular basis of hypoxia-induced cancer cell plasticity in triple negative breast cancer (TNBC). To achieve this goal, we employed our previously published in-vitro model of TNBC, in which a small subset of stem-like cells can be distinguished from the bulk cell population based on their responsiveness to a Sox2 reporter. In MDA-MB-231, a TNBC cell line, we observed that hypoxia significantly increased the expression of luciferase and green fluorescence protein (GFP), the readouts of the Sox2 reporter. Upon hypoxic challenge, the bulk, reporter unresponsive (RU) cells acquired stem-like features, as evidenced by the significant increases in the proportion of CD44 high /CD24 low cells, colony formation and resistance to cisplatin. Correlating with these phenotypic changes, RU cells exposed to hypoxia exhibited a substantial upregulation of the active/phosphorylated form of STAT3 (pSTAT3). This hypoxia-induced activation of STAT3 correlated with increased STAT3 transcriptional activity, as evidenced by increased STAT3-DNA binding and an altered gene expression profile. This hypoxia-induced STAT3 activation is biologically significant, since siRNA knockdown of STAT3 in RU cells significantly attenuated the hypoxia-induced acquisition of Sox2 activity and stem-like phenotypic features. In conclusion, our data have provided the proof-of-concept that STAT3 is a critical mediator in promoting the hypoxia-induced acquisition of cancer stemness in TNBC. Targeting STAT3 in TNBC may be useful in overcoming chemoresistance and decreasing the risk of disease relapse.
Introduction
Triple negative breast cancer (TNBC) is an aggressive type of breast cancer with limited treatment options and a poor prognosis. It has a high incidence of recurrence, metastasis and a short overall survival [1] . This can be partly attributed to the fact that targeted therapies are not available for this disease due to the lack of estrogen receptor, progesterone receptor and human epidermal growth factor receptor-2 [2] [3] [4] . The suboptimal therapeutic response of TNBC has also been linked to the existence of cancer stem cells (CSCs). CSCs are a small subpopulation of cancer cells that are known to be responsible for cancer recurrence and resistance to therapy. Purified CSCs derived from TNBC cell lines and patient samples have been shown to be 100-folds more tumorigenic than the bulk tumor cell population [5, 6] . Worse yet, tumor microenvironment factors, such as hypoxia, actively induce bulk cancer cells to assume the CSC phenotype [7] and TNBC tumors are known to carry a hypoxic phenotype [8] . These observations exemplify the concept of cancer cell plasticity, which has been recently reviewed [9] [10] [11] . In view of the importance of CSCs, it has been postulated that the eradication of CSCs and abrogation of acquired cancer stemness are important strategies in curing TNBC. Nonetheless, the molecular basis by which tumors acquire CSC-like features in the setting of hypoxia has not been extensively studied.
Our group has previously identified a novel level of intratumoral heterogeneity in different types of cancer cell lines including breast cancer, anaplastic large cell lymphoma, esophageal squamous cell carcinoma, and neuroblastoma, as well as patient samples by using a Sox2 regulatory region 2 (SRR2) reporter with green fluorescence protein (GFP) and luciferase as the readouts [12] [13] [14] [15] [16] . Specifically, we identified a relatively small subset of cells that are reporter-responsive (RR), and they express GFP and luciferase. In contrast, the majority of the cells are reporter unresponsive (RU), and they do not express GFP or luciferase [12] [13] [14] . Importantly, we found that RR cells are more CSC-like than RU cells, and this observation can be made in cell lines and primary patient samples [12, 13] . In this study, we have shown that hypoxia can efficiently convert the bulk RU cells into stem-like RR cells in MDA-MB-231 cells, a TNBC cell line. Using this experimental system, we aimed to gain insights into the molecular basis of cancer cell plasticity in this cell line. Our data suggests that STAT3 plays a key role in RU/RR conversion and conferring hypoxia-induced acquisition of cancer stemness in MDA-MB-231cells.
Materials and Methods

Cell Culture
The TNBC cell line, MDA-MB-231, was obtained from ATCC (Manassas, VA, USA) and maintained in Roswell Park Memorial Institute medium (RPMI) 1640 medium supplemented with 10% fetal bovine serum (Invitrogen, Karlsruhe, Germany), 100 units/mL penicillin, and 100 mg/ mL streptomycin in a humidified incubator under 95% air and 5% CO 2 at 37°C. MDA-MB-231 cells were virally infected twice with mCMV (a minimal cytomegalovirus promoter) or SRR2 (Sox2 regulatory region 2 reporter) as previously described [13] . In brief, based on the GFP (green fluorescence protein) expression, RU and RR cells were purified and maintained in puromycin antibiotics. For stable cell lines overexpressing c-Myc (RU/Myc), 10 million RU cells derived from MDA-MB-231 were initially transfected with 15 μg pcDNA 3.3-Myc (a gift from Derrick Rossi (Addgene plasmid #26818)). RU cells carrying empty vector (RU/EV) were initially transfected with 15 μg pcDNA 3.3 plasmids Addgene (Cambridge, MA, USA). Both cell subsets then were cultured for 3-4 weeks in selection medium with increasing concentration of G418 up to 400 ng/mL. Cells were plated at 25-30% confluence and cultured until they reached 60-70% confluence for different treatments. For hypoxic conditions, cells were cultured in a CO 2 incubator maintained at 94% N 2 , 5% CO 2 and 1% O 2 . The O 2 pressure was chosen based on our previous study with unsorted MDA-MB-231 cells [17] . The chemotherapeutic agent cisplatin (cis-diamminedichloroplatinum(II) (CDDP) (purity 99%), #H878, AK Scientific Inc., Union City, CA, USA) was freshly prepared in water as a stock solution (3.3 mM) and further diluted with the RPMI 1640 medium to reach the indicated concentrations.
Small Interfering RNAs (siRNAs) Complex Preparation
HIF-1α siRNAs (Hs_HIF1α_5 FlexiTube siRNA, #SI02664053, Qiagen, Hilden, Germany), scrambled (Scr) siRNAs (Negative Control siRNA, #1027310, Qiagen), STAT3 siRNAs (Hs_STAT3_7 FlexiTube siRNA, #SI02662338, Qiagen), Myc siRNAs (SMARTpool: ON-TARGET plus Myc siRNA, Dharmacon, Fisher Scientific, ON, Canada) and Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA), were used to make complexes (siRNA:polymer) at a ratio of 1:1 (weight/weight) in OptiMEM media (Life Technologies, Grand Island, NY, USA) according to the manufacturer's instructions. Complexes were added to the cells at 50 nM siRNA concentrations. Cells were transfected with siRNA complexes at 50-60% confluence.
SRR2 Luciferase Reporter Assay and Flow Cytometry
Luciferase reporter assay was performed using luciferase assay system kit (#E4530, Promega, Corporation, Madison, USA) according to the manufacturer's protocol, on costar white polystyrene opaque 96-well plates (#3912, Corning, NY, USA) and analyzed on the FLUOstar Omega multi-mode microplate reader (BMG Labtech, Ortenburg, Germany). Flow cytometry analysis was performed as described previously [13] .
MTT Assay
RU MDA-MB-231 cells (1 × 10 4 cells/well) were seeded in 96-well plates overnight and then exposed to increasing concentration of cisplatin (3.32-332 μM) for 48 h under hypoxia and normoxia. For siRNA transfection studies, RU cells (7 ×  10 4 cells/well) were seeded in 24-well plates overnight. At 50-60% confluence, cells were transfected with siRNA complexes for 24 h under normoxia prior to cisplatin treatment. Cells were then exposed to cisplatin (25-30 μM) under hypoxia for 48 h. Cellular viability was assessed by the reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide, Sigma-Aldrich, Oakville, ON, Canada) to formazan crystals. Briefly, MTT solution (5 mg/mL) was added to incubated cells for 4 h at 37°C. Then the medium was replaced by DMSO (N,N,dimethyl sulfoxide) to dissolve the crystals formed. Optical density was measured spectrophotometrically using a plate reader (Synergy H1 Hybrid Reader, Biotek, Winooski, VT, USA) at 570 nm. The cellular activity ratio was represented relative to control.
Colony Formation Assay
RU and RR MDA-MB-231 cells (3.5 × 10 5 cells/flask) were seeded in 25 cm 2 flasks overnight. The day after, cells were incubated either under normoxia or hypoxia for 24 h. Cells were then washed once in 1X phosphate buffered saline (PBS), harvested by trypsinization, counted using a hemocytometer, and then re-plated at three different densities of 500, 1000, and 2000 cells/well in duplicate in six-well plates under normoxia. After an additional 5-7 days of culture, cells were stained with a crystal violet solution (#HT90132, SigmaAldrich, St. Louis, MO, USA), and surviving colonies consisting of~50 or more cells were counted with Alpha Imager HP, Protein Simple, CA, USA. In another set of experiments, RU cells were first transfected with scrambled or STAT3 siRNAs complexes for 24 h under normoxia. Cells were then subjected to 24 h hypoxia and then re-plated under normoxia as outlined above. Colony ability formation of RU/ EV or RU/Myc MDA-MB-231 cells was also assessed after 24 h exposure to hypoxia and re-plating under normoxia as outlined above.
Mammosphere Assay
In a mammosphere assay, cells were seeded and cultured as previously described [13] . Briefly, RU MDA-MB-231 cells were transfected with HIF-1α/Scr siRNAs under normoxia for 24 h and then kept under hypoxia for 48 h. In the next step, cells were trypsinized and passed through a 40 μm cell strainer (BD, Franklin Lakes, New Jersey, USA) and 10,000 cells were seeded into ultra-low adherent plates (Corning, NY, USA) in Mammocult media (StemCell Technologies, Vancouver, BC, Canada) as per manufacturer's instructions. Mammosphere larger than 60 μm were counted 5-7 days after seeding. high /CD24 low under hypoxia, as compared to normoxia, gates were first established for positivity stained normoxic (native) RU cells with antibodies of CD44 and CD24 using unstained normoxic RU cells as a negative control. Then, the stained normoxic RU group was chosen as a control and the same gating was adopted to measure the expression of CD44 high /CD24 low in hypoxic RU cells or normoxic RR cells.
Flow Cytometry
Western Blot
To measure the expression level of different proteins, RU or RR MDA-MB-231 cells (2.0 × 10 5 cells/well) were seeded in 6-well plates overnight. Then cells either left untreated or were transfected with siRNAs for 24 h under normoxia. Then after 48 h of incubation under hypoxia, cells were washed with cold 1X PBS and lysed using radioimmunoprecipitation assay buffer (RIPA) lysis buffer that was supplemented with 0.1 mM phenylmethylsulfonyl fluoride (PMSF) (SigmaAldrich), Protease Inhibitor Cocktail Set III, AnimalFree -Calbiochem (#535140, Millipore, MA, USA), and Phosphatase Inhibitor Cocktail Set II (#524625, Millipore). The lysate was then incubated on ice for 30 min, followed by centrifugation at 17,000 g for 20 min to remove genomic DNA. Protein quantification was determined by the bicinchoninic acid (BCA) Protein Assay Kit (Pierce, Rockford, IL, USA), and equal amounts of protein (35-40 μg) were loaded in 4 − 15% Tris-Glycine gradient gel (#456-1084, Biorad, CA, USA). After gel electrophoresis, proteins were transferred to a nitrocellulose membrane. Membranes were probed with antibodies against HIF-1α (#3716 s, Cell Signaling Technologies), survivin (#2808 s, Cell Signaling Technologies, MA, USA), phospho-STAT3 (Tyr705) (p-STAT3) (#9131, Cell Signaling Technologies), Total-STAT3 (T-STAT3) (#8768 s, Cell Signaling Technologi es), c-Myc (#5605 s, Cell Signaling Technologies), myeloid cell leukemia-1 (MCL-1) (#sc-819, Santa Cruz Biotechnology, Texas, USA), GAPDH (# sc-47,724, Santa Cruz Biotechnologies) and ß-actin (#sc-47,778, Santa Cruz Biotechnology). Proteins were then detected using peroxidase-conjugated anti-mouse IgG (#7076, Cell Signaling Technologies) or anti-rabbit IgG (#7074, Cell Signaling Technologies) and visualized by enhanced chemiluminescence (Pierce ECL Western Blotting Substrate, #32106, Thermo Scientific, Rockford, IL, USA).
Nuclear-Cytoplasmic Fractionation
Nuclear and cytoplasmic proteins of cells were extracted using the NE-PER Protein Extraction Kit (#78833, Thermo Scientific, USA) according to the manufacturer's protocol. For nuclear fraction, histone deacetylase 1 (HDAC-1, Santa Cruz Biotechnology) was used as a loading control for western blotting experiments.
SRR2-Probe Pull Down Assay
A biotinylated SRR2 probe was synthesized from Integrated DNA Technologies, USA. The SRR2 sequence is 5′-AAGA AT T TC CC G GG C TC G GG C AG C CATT G TG AT G C ATATAGGATTATTCACGTGGTAATG-3′, in which the STAT3 consensus sequence is underlined. 400 μg of nuclear protein was incubated with 3 pmole of either with or without the biotin-labeled SRR2 probe for 30 min at room temperature. Then 75 μL streptavidin beads were added and the samples were incubated overnight by rotation at 4°C. The next day beads were washed 3 times with cold PBS and protein was eluted at 100°C in 4X protein loading dye and loaded on SDS-PAGE gels and then processed for western blotting.
Human Cancer Pathway Finder PCR Array
The human cancer pathway finder super array (PAHS-033Z; Qiagen) was used to analyze mRNA levels of 84 genes related to cell proliferation, apoptosis, cell cycle, angiogenesis, invasion, and metastasis. All genes represented by the array showed a single peak on the melting curve characteristic to the specific products. Data analysis of gene expression was performed using Excel-based PCR Array Data Analysis Software provided by manufacturer (Qiagen). Fold-changes in gene expression were calculated using the 2 -ΔΔCT method, and five stably expressed housekeeping genes (β2 microglobulin, hypoxanthine phosphoribosyltransferase 1, ribosomal protein large P0, GAPDH, and β-actin) were used for normalization of the results.
RNA Extraction, cDNA Synthesis, Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Total RNA extraction was performed with the Qiagen RNeasy Kit (#74104 Qiagen) according to the manufacturer's protocol. 1 μg of RNA was reverse transcribed using oligo-dT and superscript II (Life Technologies, Grand Island, NY, USA) according to the manufacturer's protocol. 1 μL of the resulting cDNA mixture was added to the Platinum SYBR Green qPCR SuperMix-UDG with Rox (Life Technologies, Grand Island, NY, USA) and amplified with target gene-specific primers (Table S1 ) on the Applied Biosystems 7900HT (Carsbad, CA, USA; The Applied Genomics Centre, Edmonton, Alberta, Canada). All genes of interest were n o r m a l i z e d t o g l y c e r a l d e h y d e -3 -p h o s p h a t e dehydrogenase (GAPDH) transcript expression levels. For analysis of changes in gene expression under hypoxia, fold changes in gene expression were calculated using the 2 -ΔΔCT method. Individual fold-changes for each of the hypoxic samples were calculated by subtracting the ΔCT (gene expression CT normalized to the endogenous control, GAPDH) for each sample from the average ΔCT for the normoxic group to obtain ΔΔCT and was entered into the formula 2 -ΔΔCT to obtain the fold changes. For analysis of changes in gene expression under hypoxia after STAT3 knockdown, fold changes in gene expression were calculated using the 2 -ΔΔCT method. Individual fold-changes for each of the hypoxic samples subjected to STAT3 siRNA were calculated by subtracting the ΔCT (gene expression CT normalized to the endogenous control, GAPDH) for each sample from the average ΔCT for the hypoxic samples subjected to scrambled siRNA to obtain ΔΔCT and was entered into the formula 2 -ΔΔCT to obtain the fold changes.
Statistical Analysis
The statistical analysis was performed by Graphpad Prism (version 5.00, Graphpad Software Inc., La Jolla, CA, USA). Statistical analysis was performed either using unpaired Student's t test or one-way ANOVA (analysis of variance) with Tukey post-test analysis. Statistical significance is denoted by (p < 0.05). All graphs represent the average of at least three independent experiments with triplicates, unless mentioned otherwise in the text, or graphs. Results were represented as mean ± standard deviation (SD).
Results
Hypoxia Induced Acquisition of the RR Phenotype in RU Cells
Purified RU cells derived from MDA-MB-231 showed an appreciable increase in GFP expression, with the observed median GFP expression level being 120 ± 35, as compared to 72 ± 17 in native RU cells (p = 0.01) (Fig. 1a) . Of note, the median GFP expression level in hypoxic RU cells remained to be substantially lower than that of native RR cells (120 ± 35 versus 509 ± 28) (Fig. 1a) . Since the Sox2 reporter also carries the luciferase reporter gene, we compared the luciferase activity between native RU and hypoxic RU cells. As shown in Fig.  1b , RU cells cultured under hypoxia showed a significant increase in luciferase activity (1.6 fold, p = 0.03); again, the luciferase activity level of hypoxic RU cells was appreciably lower than that of native RR cells. Overall, our flow cytometric results were in parallel with the luciferase assay results.
Hypoxia Significantly Increased Tumorigenic and Stem-like Properties in RU Cells
Next, we asked if the hypoxia-induced RU/RR conversion correlates with any phenotypic changes. RU cells cultured under hypoxia showed a significant increase in the percentage of cells expressing the CD44 high /CD24 low immunophenotype, a wellknown marker to be associated with cancer stemness in TNBC [18] . Specifically, with triplicate experiments, the mean percentage of these stem cells in native RU cells was 1.7 ± 0.9%, as compared to 4.8 ± 0.8% in hypoxic RU cells (p = 0.03) (illustrated in Fig. 1c) . As a comparison, the median percentage low immunophenotype in native RR cells was 3.8 ± 0.6%. We then assessed the tumorigenicity using colony formation assay. Compared to native RU cells, hypoxic RU cells showed a significant increase in the number of colonies (330 ± 10 versus 414 ± 25, p = 0.01) (Fig.  1d) . In the same assay, the median number of colonies formed by native RR cells was 545 ± 40, which is significantly different from that of hypoxic RU cells. As shown in Fig. 1e , hypoxia significantly increased the resistance of RU cells to cisplatin, with the inhibitory concentration at 50% (IC 50 ) increasing from 16 μM to 300 μM, (p < 0.001) at 48 h.
STAT3 Activation Drives Hypoxia-Induced RU/RR Conversion
Since we have recently shown that signal transducer and activator of transcription 3 (STAT3) activation is important in conferring cancer stemness and chemoresistance in MDA-MB-231 under hypoxia [17] , we hypothesized that the STAT3 signaling pathway may be important in regulating the hypoxia-induced RU/RR conversion. In support of this hypothesis, our previous bioinformatics studies have shown that the Sox2 regulatory region 2 (SRR2) sequence carries the STAT3 consensus binding sequence (data not shown). As shown in Fig. 2a , compared to native RU cells, hypoxic RU cells had a substantial upregulation of phospho-STAT3 (pSTAT3), the active form of STAT3, at 24 and 48 h. In comparison, the total STAT3 level was not appreciably changed. We then performed a DNA pull-down experiment. As shown in Fig. 2b , a biotinylated DNA probe with the Sox2 binding sequence (i.e. SRR2) pulled down a substantial amount of STAT3 protein in hypoxic RU cells. In contrast, only a relatively small amount of STAT3 was captured in native RU cells. We then treated these hypoxic RU cells with Stattic, a STAT3 inhibitor [19] , and found that the STAT3-SRR2 interaction was dramatically decreased at 20 μM of Stattic (Fig. 2c) .
To provide further evidence that STAT3 activation plays a direct role in the observed biological changes induced by hypoxia in RU cells, we knocked down the expression of STAT3 using siRNA. As shown in Fig. 3a , successful knockdown of STAT3 and its downstream target genes (i.e., survivin, Mcl-1 and c-Myc) was achieved. Importantly, STAT3 silencing in hypoxic RU cells hindered the hypoxia-induced conversion of RU/RR cells, as evidenced by a lower median GFP expression level in hypoxic RU cells subjected to STAT3 siRNA (85 ± 13), as compared to hypoxic RU cells subjected to scrambled siRNA (115 ± 13) (p = 0.01). Of note, in the same experiment, the median GFP expression level of native RU cells was (78 ± 15), which is not significantly different from that of hypoxic RU cells treated with STAT3 siRNA (Fig. 3b) . Similar results were obtained when we measured the luciferase activity as the readout of the reporter (Fig. 3c) . Overall, our results strongly suggest that STAT3 is a key contributor to the hypoxia-induced RU/RR conversion in MDA-MB-231 cells.
To further substantiate the importance of STAT3 in hypoxia-induced acquisition of stem-like phenotype, we found that STAT3 knockdown was efficient in abrogating hypoxia-induced cisplatin chemoresistance, as compared to hypoxic RU cells subjected to scrambled siRNA (p = 0.03) (Fig. 3d) . Hypoxic RU cells also showed a significant decrease in colony formation when subjected to STAT3 siRNA, as compared to cells subjected to scrambled siRNA (124 ± 12 versus 84 ± 24, p = 0.03) (Fig. 3e) .
To decipher the mechanism by which STAT3 promotes hypoxia-induced cancer stemness in TNBC, we performed oligonucleotide quantitative RT-PCR (qRT-PCR) array studies comparing native RU cells and hypoxic RU cells, as described in Materials and Methods. Of the 84 genes included in the array, all of which carry known functions in cancer proliferation, cell survival, hypoxia responses, cancer invasiveness and metastasis, we identified 37 gene targets a b showing ≥1.5 fold changes (Table S2 and S3). Seven of these 37 gene targets were found to be known STAT3 downstream targets via our literature search (Table 1) . We then repeated the same qRT-PCR oligonucleotide array comparing hypoxic RU cells transfected with scrambled siRNA and cells transfected with STAT3 siRNA. As shown in Table 1 , we found that all of the seven STAT3 targets showed >30% changes in their expression levels. Using quantitative RT-PCR, we were able to validate three of these seven genes, including ADM, CCL2 and IGFBP7) (Fig. 3f-g ). Notably, native RR cells showed substantially higher expression levels of these 3 genes as compared to those in native RU cells or hypoxic RU cells (Fig. S1 ). Cells were then re-plated at density of 1000 cells/well in duplicate in six-well plates under normoxia. The number of colonies formed from 1000 cells was graphed. f qRT-PCR results of CCL2, ADM and IGFBP7 genes expression in hypoxic RU cells (24 h hypoxia) normalized to GAPDH, and further normalized to native RU cells, and g qRT-PCR results of CCL2, ADM and IGFBP7 genes expression after STAT3 silencing using siRNA in hypoxic RU cells (24 h hypoxia) normalized to GAPDH, and further normalized to hypoxic RU cells subjected to scrambled siRNA [27] c-Myc Is Not a Contributing Factor in Hypoxia-Induced RU/RR Conversion
We also asked if c-Myc plays a role in the hypoxiainduced RU/RR conversion of MDA-MB-231 cells, since c-Myc has been implicated in cancer stemness in TNBC [28, 29] and SRR2 also has the c-Myc consensus binding site [30] . Furthermore, we recently found that c-Myc is an important mediator of the RR/RU dichotomy at the steady state [30] . As shown in Fig. 2a , we found that the expression of c-Myc in RU cells was dramatically downregulated under hypoxia. Accordingly, the DNA binding assay also showed a substantially lower level of c-Myc protein pulled down with the SRR2 probe in hypoxic RU cells as compared to native RU cells (Fig. 4a) . Moreover, siRNA knockdown of c-Myc did not reverse the hypoxia-induced chemoresistance to cisplatin in hypoxic RU cells (Fig. 4b-c) . Lastly, when we abrogated the hypoxia-mediated suppression of c-Myc by enforced expression of c-Myc in RU cells (Fig. 4d) , we did not observe any significant change in the colony formation ability of these c-Myc-transfected cells as compared to RU cells transfected with an empty vector (Fig. 4e) . Overall, our collected data suggest that cMyc is not implicated in the acquisition of hypoxiainduced cancer stemness in MDA-MB-231 cells.
Discussion
Malignant tumors are often made up of a heterogeneous population of cancer cells displaying a spectrum of tumor initiating potential or cancer stemness [31] . More recently, it has been recognized that acquisition of cancer stemness can be achieved spontaneously [32] or in response to specific stimuli such as hypoxia [33] . These observations are believed to be encompassed under the concept of cancer cell plasticity, which has been recently reviewed [9] [10] [11] .
The acquisition of cancer cell stemness induced by hypoxia correlates with the de-differentiation of cancer cells and a significant increase in their malignant aggressiveness [34] . In keeping with these findings, evidence of cancer cell plasticity was found most frequently in the hypoxic regions of human tumors [35] . In a breast cancer study, hypoxia was found to correlate with an increase in the nuclear-cytoplasmic ratio, loss of cell polarity, downregulation of estrogen receptor-α, and upregulation of the epithelial breast stem cell marker CK19 [36] . In a study of neuroblastoma, highly tumorigenic cells were found preferentially located in the hypoxic regions [37] . Lastly, upregulation of CD133, another CSC marker, had been found preferentially in the hypoxic regions of medulloblastomas [38] . Hypoxic challenge has been used to induce cancer cell plasticity in a number of published studies. In many of these study models, cancer cells were found to exhibit evidence of de-differentiation, expressed CSC markers [37, 39] and showed a significant increase in their clonogenic potential in-vitro [40, 41] . Hypoxia has been shown to induce the epithelial-mesenchymal transition [42, 43] . Exposure of cancer cells to hypoxia in-vitro also was found to result in enhanced tumorigenic potential in a mouse xenograft model [39] . To study hypoxia-induced acquisition of cancer stemness, we employed an experimental model that is different from those used in most of the previously studies. Specifically, cancer stemness was detected based on the differential responses to a Sox2 reporter, rather than the presence or absence of cellsurface proteins. In this regard, we and others have previously identified and published similar intratumoral heterogeneity in different types of cancer, including estrogen receptor-positive breast cancer, esophageal squamous cell carcinoma and ALKpositive anaplastic large cell lymphoma [12] [13] [14] [15] . Most recently, similar observations were made in neuroblastoma [16] . In all of these studies, RR cells were found to be consistently more tumorigenic and stem-like than RU cells. Importantly, evidence of the RU/RR dichotomy was identified in human samples, strongly arguing against the notion that this is not a cell-type specific phenomenon, and supporting the concept this is a valid and clinically relevant experimental model to study cancer cell plasticity. Unlike some of the previously published study models, the application of the RU/RR model is technically straightforward, since RU and RR cells can be easily detected and/or purified based on their differential expression of GFP/ luciferase. In the case of MDA-MB-231 cells, we found that hypoxia consistently upregulates the expression of luciferase and GFP in hypoxia-treated RU cells, which correlated with their acquisition of stem-like features. Specifically, hypoxiatreated RU cells exhibited significantly higher colony formation capacity, chemoresistance to cisplatin, and a higher proportion of cells carrying the CD44 h i g h /CD24
l o w immunophenotype, a well-known marker to be associated with cancer stemness in TNBC [18] . Although hypoxia-inducible factor-1 alpha (HIF-1α) is believed to be a key mediator of the biological changes in response to hypoxia in cancer cells [44] , we did not find evidence that this transcription factor plays an important role in the hypoxia-induced RU/RR conversion in our experimental model. Specifically, siRNA knockdown of HIF-1α in RU cells did not result in significant changes to the hypoxia-induced increases in chemoresistance to cisplatin, the proportion of CD44 high /CD24 low cells and mammosphere formation ability (Fig. S2) . Of note, HIF-1α was also found to be relatively irrelevant in promoting hypoxia-induced chemoresistance in other cancer models [17, [45] [46] [47] [48] . Similarly, c-Myc, another well-known stem cell factor that can interact with SRR2 in our Sox2 reporter, was also found to be irrelevant to the hypoxia-induced RU/RR conversion in our model, as this protein was downregulated in response to hypoxia. Similar observations regarding hypoxia-induced downregulation of c-Myc have been demonstrated in different experimental models [49, 50] . Our studies have led us to discover that STAT3, for which the SRR2 contains the consensus binding sequence, is a key regulator for the hypoxia-induced RU/RR conversion in MDA-MB-231 cells. In this regard, RU cells exposed to hypoxia exhibited a substantial upregulation of pSTAT3 and its transcriptional activity, as evidenced by the results of our STAT3-DNA binding assay and oligonucleotide array. In support of the relevance of STAT3 activation in this context, we found that siRNA knockdown of STAT3 in RU cells significantly inhibited RU/RR conversion and the acquisition of associated stem-like features.
While HIF, histone 3 lysine 4 (H3K4) demethylase JARID1B and histone methyltransferase mixed-lineage leukemia 1 (MLL1) have been shown as to be key mediators of hypoxia-induced cancer stemness in a number of experimental models [51] , the role of STAT3 in hypoxia-induced cancer stemness has not been previously described. Of note, we have previously shown that hypoxia-induced upregulation of STAT3 in MDA-MB-231 cells is HIF-independent [17] , a finding also shared by another group of investigators [52] . This finding is consistent with our current observation that HIF is not relevant in promoting hypoxia-induced stemness in MDA-MB-231.
Results from the oligonucleotide array studies have served two purposes. Firstly, the results allow us to confirm that STAT3 transcription activity was upregulated upon hypoxic challenge, since we identified seven known STAT3 target genes showing ≥1.5 fold changes in response to hypoxia. Secondly, these results have shed insight into the mechanism by which STAT3 might promote hypoxia-induced cancer stemness. For instance, these seven STAT3 downstream target genes highlighted in our oligonucleotide array studies are known to be involved in angiogenesis and metastasis (ADM, ANGPT1, and CCL2) [20] [21] [22] [23] , cell growth (IGFBP5, and IGFBP7) [24, 25] , and metabolism (LPL, and PFKL) [26, 27] . Of note, hypoxia-induced upregulation of ADM (adrenomodullin) in various cell lines was found in another study [53] . The expression of ADM has been reported in different types of cancer including that of lung, colon, ovary and breast [54] . ADM plays an important role in tumor progression and metastasis in breast cancer by upregulating a number of oncogenes such as RAS, RAF, PKC (protein kinase C) and MAPK (mitogen-activated protein kinase) [55] . Regarding CCL2 (CC-chemokine ligand 2), it has been reported that this molecule can stimulate stemlike features, such as mammosphere capacity and self-renewal ability in breast cancer cells [56] . IGFBP5 (insulin-like growth factor binding protein 5) is known to play a crucial role in carcinogenesis by regulating cell growth, migration, and invasion in different types of cancer [57] . PFK1 (phosphofructokinase 1) is a major regulatory enzyme in the glycolytic pathway, and hypoxia is known to confer growth advantage and tumorigenicity through induction of PFK1-associated glycosylation in lung cancer [58] . LPL (lipoprotein lipase) is another enzyme involved in metabolism which catalyzes hydrolysis of triglycerides into free fatty acids. It has been shown that LPL is aberrantly expressed in chronic lymphocytic leukemia and regulates the oxidative metabolic capacity of these leukemic cells [26] .
We would like to point out that the major shortcoming of our study is that we described the results of only one cell line. In this regard, we did perform experiments using another TNBC cell line, SUM149, but the generated results were conflicting at times, resulting in major difficulties in presenting our findings. We speculated that the discrepancies in the results generated in two different TNBC cell lines are likely due to the fact that TNBC is a biologically and molecularly heterogeneous disease [59, 60] . In spite of this shortcoming, we believe that our results and conclusions are valid, and our studies have provide proof-of-principle that STAT3 is relevant and important in the context of hypoxia-induced RU/RR conversion and cancer cell plasticity, probably in a subset of TNBC. Further investigations using a large panel of TNBC cell lines and primary patient samples are warranted.
Conclusion
To conclude, we have provided evidence to support that STAT3 plays an important role in conferring hypoxia-induced acquisition of cancer stemness in MDA-MB-231 cells. Additional studies in other TNBC cell lines and primary samples are required to validate targeting of STAT3 as a useful therapeutic approach to overcome treatment-induced cancer stemness.
